Summary In this study, we report on the distribution of tissue inhibitor of matrix metalloproteinase-3 (TIMP-3) mRNA expression in human normal colorectal mucosa, adenomas and adenocarcinomas. Northern blot analysis showed five TIMP-3 mRNA transcripts to be present in normal mucosal epithelium and in moderately and poorly differentiated carcinoma. Adenomas and well-differentiated carcinomas were not examined in this part of the investigation. In situ hybridization studies showed no detectable TIMP-3 mRNA in normal and adenomatous tissue. In contrast, TIMP-3 mRNA is localized to stromal fibroblast-like cells in colorectal carcinomas, with an increased incidence in moderately and poorly differentiated groups compared with well-differentiated carcinomas. Expression in both the moderately and the poorly differentiated tumour groups was strongest at the tumour invasive edge; none of the poorly differentiated carcinomas showed mRNA expression in regions ahead of the invasive edge, compared with 3 of 12 of the moderate group. To our knowledge, this is the first detailed report on the regional localization of TIMP-3 mRNA in colorectal tumours. We suggest that the lack of TIMP-3 mRNA expression in host stromal tissues ahead of poorly differentiated carcinomas may contribute to their increased invasiveness.
Tumour invasion is a multistep process involving disruption of the epithelial basement membrane (EBM) and remodelling of the connective tissue matrix (Liotta and Stetler-Stevenson, 1991) . A growing body of evidence supports the involvement of matrix metalloproteinases (MMPs) and their tissue inhibitors (TIMPs) in tumour invasion (Stetler-Stevenson, 1990; Hewitt et al, 1991; Poulsom et al, 1992) . Three human TIMP forms have been described; TIMP-1 is a 28.5-kDa glycoprotein that inhibits interstitial collagenase (Docherty et al, 1985) . TIMP-2 shares approximately 40% homology with TIMP-1 and inhibits type IV collagenase (Stetler-Stevenson et al, 1989) . More recently, a third member, TIMP-3, has been described (Pavloff et al, 1992) , having a predicted Mr of 21.6 kDa (Uria et al, 1995) and is localized to chromosome 22 (Apte et al, 1994) . TIMP-3 notably shares a high nucleotide homology (82.4%) with chicken inhibitor of metalloproteinase-3 (ChIMP3) (Pavloff et al, 1992) and shares a 25% amino acid homology with TIMP-1 and TIMP-2 (Apte et al, 1995) . Inhibitory enzyme activities on the substrates human gelatinases A and B, collagenase-I and stromelysin-I are remarkably similar for TIMP-1 and TIMP-3 (Apte et al, 1995) . Northern blot analysis has localized TIMP-3 mRNA in human breast tumours, placenta, uterus, heart, kidney, lung, pancreas, skeletal muscle and brain, but conflicting reports exist for its occurrence in liver (Apte et al, 1994; Uria et al, 1995) . Apte et al (1994) propose that TIMP-3 has a regulatory role in the invasion of the uterus by the placental trophoblasts.
Previously, we demonstrated an association of TIMP-1 with the progression of colorectal tumours from adenomas to invasive adenocarcinoma (Hewitt et al, 1991) ; normal mucosa showed weak immunostaining while the adenomas showed an absence of TIMP-1 staining compared with the carcinomas. Davies et al (1993a) found TIMP-1 expression to be correlated to the more aggressive tumour phenotype in bladder cancers, while Zeng et al (1995a) identified increased TIMP-1 expression in colorectal carcinomas with metastases.
For the present study, we used in situ hybridization (ISH) and Northern blot analysis to investigate the cellular origin of TIMP-3 mRNA expression in normal mucosa, benign adenomas and adenocarcinoma of the colorectum. We also examined the relationship between the level of TIMP-3 expression and tumour grade.
MATERIALS AND METHODS Tissue samples
Fresh, surgically resected bowel specimens received in the Histopathology Department, Queen's Medical Centre, were dissected with minimal delay to provide samples of normal mucosa, adenoma and adenocarcinoma. The adenocarcinoma were taken to include viable, non-necrotic tissue containing an invasive edge with adjacent normal mucosa. Tissue samples were divided into two portions: one piece was fixed in buffered 4%
paraformaldehyde for 24 h before paraffin wax processing. The other sample was snap frozen in isopentane precooled in liquid nitrogen and stored at -70°C until required. Normal mucosa was dissected from uninvolved resection margins and treated similarly to the tumour samples. RNAase-free reagents and conditions were maintained.
Figure 1 This schematic diagram shows how the tumour sections were divided into regions for recording the TIMP-3 ISH results. The invasive edge (I) extended from the limit of visible tumour invasion to the edge of the tumour centre (TC), measuring two x25 objective lens fields away. The adjacent host stroma (HA) region had the invasive edge as one border and extended two x25 objective lens fields away to the border of the distant host stroma (HD) Northern blotting Total RNA was isolated from human colorectal tissue samples using the Trizol method (Life Technologies, Paisley, UK). Purity and yield of RNA were determined spectrophotometrically. For Northern blotting studies, 7 gg of each RNA sample was electrophoresed through 1% agarose-formaldehyde gel and blotted onto Hybond-N membrane (Amersham, Bucks, UK). Northern blot hybridization and autoradiography were as previously described with final stringency washes in 0.1 x SSPE/0.1% sodium dodecyl sulphate (SDS) (Hewitt et al, 1993) .
Probes
The human TIMP-3 plasmid was a gift from Dr J Uria and consisted of a 1.1-kb BamHIIXhoI cDNA from a previously described plasmid (Uria et al, 1995) TIMP-3 in situ hybridization Paraffin wax-embedded sections (5 jim thick) were dewaxed in xylene and rehydrated to RNAase-free water. Using RNAase-free conditions throughout, the sections were treated according to a method based on that of Senior et al (1988) . Sections were n t n t n tnt n t n tn t n t n t Figure 2 Five transcripts were detected for TIMP-3 mRNA in colorectal normal mucosa (n) and adenocarcinoma (t); the strongest expression was seen in the 5.0-kb transcript. a = 5.0 kb, b = 2.1 kb, c = 1.6 kb, d = 1.4 kb, e = 1.0 kb hybridized with a RNA probe at an activity equivalent to 1 x 106 c.p.m. per section. Subsequently, the sections were given stringency washes that included three 20-min washes in 60% formamide/4 x standard saline citrate (SSC) at 50°C, a wash in 2xSSC at 50°C and incubation in 100 jg ml-1 RNAase A (Sigma, Dorset, UK) for 30 min at 37°C. Sections were washed in 0.lxSSC for 20 min at 37°C and then dehydrated in ethanol. Probe was detected using LM-1 autoradiographic emulsion (Amersham) with exposure for up to 24 days on replicate sections; sections were counterstained with haematoxylin and eosin.
Following in-situ hybridization, sections were subjectively assessed using bright-and dark-field illumination under low-and high-power magnifications. Each whole section was scanned for hybridization signal using low-power magnification (x1O objective) with dark-field illumination; areas showing increased signal were further investigated using high magnification (x40 objective) with bright-field illumination. Typically, 950 and 1250 cells were viewed per high-power field for stroma or stroma/neoplastic epithelium respectively. Cells showing more than 25 silver grains compared with the sense (negative control) were considered to show specific signal; replicate sections treated with the antisense and sense (negative control) probes were compared. The carcinoma sections were divided into the following regions and the presence of hybridization signal recorded: tumour centre (TC), tumour periphery (TP), neighbouring adjacent host (HA) stroma and distant host (HD) stroma (Figure 1 ).
RESULTS

Northern blot analysis
Twelve cases of paired tumour and uninvolved mucosa were analysed comprising nine moderately and three poorly differentiated adenocarcinomas. Following hybridization and exposure, the autoradiographs showed five bands on development ( Figure 2) ; comparison with RNA standards estimated them to be 5.0 kb, 2.1 kb, 1.6 kb, 1.4 kb and 1.0 kb in size.
The optical densities (ODs) of the autoradiograph bands were determined using a Seescan (Cambridge, UK) image analyser and the tumour-normal ratios calculated (data not shown).
The 5.0-kb transcript showed a higher level of expression than the four smaller transcripts in 7 of 12 paired samples. expression was increased in five of nine moderately differentiated tumours compared with the corresponding normal mucosa, with up to a threefold increase (range 1.07-3.2). In contrast, the remaining four moderately differentiated tumours showed The four smaller transcripts of TIMP-3 (2.1 kb, 1.6 kb, 1.4 kb and 1.0 kb) showed increased expression in the normal mucosa samples (range 1.02-3.35) in all but two cases; one of the moderately differentiated tumours showed increased expression in all five transcripts (range 2.65-3.5), while a second tumour of the same grade showed increased expression in the 1.0-kb and 1.4-kb transcripts.
In situ hybridization A positive cellular ISH signal was determined by increased silver grain frequency per cell and by comparison of the antisense and sense (negative control) probed sections.
All five samples of uninvolved normal mucosa obtained from the surgical resection margins were negative for TIMP-3 mRNA. Additionally, many of the adenocarcinoma samples contained normal mucosa adjacent to the neoplastic epithelium and none showed specific signal. Also, none of the six adenoma samples investigated showed specific hybridization signal with the TIMP-3 antisense probe.
An increased number of silver grains were seen localized to stromal cells in only one of five well-differentiated bowel samples probed with the TIMP-3 antisense probe ( In marked contrast, 7 of 12 cases of the moderately differentiated tumours showed TIMP-3 expression (Table 1) localized to stromal cells ( Figure 3A, B) . All of the positive cases showed localization at the invasive edge, with the distribution in the adjacent host stroma being the second most frequent site; signal in distant host stroma was seen in some cases. The poorly differentiated adenocarcinomas showed TIMP-3 mRNA expression in fibroblast-like cells at the invasive edge of six out of seven cases examined (Table 1; Figure 3C) ; three of these cases showed signal in stromal cells in the tumour centre. None of the cases analysed showed signal in stromal cells ahead of the invasive edge and, generally, the signal was weaker than that seen for the moderately differentiated group of carcinomas.
Replicate sections probed with the labelled-sense probe (negative control) showed background levels of signal only, with grain distributed over all cell types ( Figure 3D ).
DISCUSSION
MMPs and TIMPs are involved in normal developmental and pathological processes (Nomura et al, 1989; Firestein and Paine, 1992) . The study of the distribution and biological mechanism of action of MMPs and TIMPs is proving to be of therapeutic importance (Davies et al, 1993b ). In the current study, we present a detailed description of the regional localization for TIMP-3 mRNA in normal mucosa, adenomas and in well-, moderately and poorly differentiated adenocarcinomas of the bowel.
We identified five transcripts for TIMP-3 (5.0 kb, 2.1 kb, 1.6 kb, 1.4 kb and 1.0 kb) using Northem analysis, which is in agreement with the number identified by Uria et al (1995) tumour, placenta and uterus. However, in the latter study, the transcripts were estimated to be 5.0 kb, 2.7 kb, 2.4 kb, 1.6 kb and 1.1 kb. Apte et al (1994) identified only three TIMP-3 transcripts (5.5 kb, 2.8 kb and 2.4 kb) in a comprehensive range of tissues, including kidney, lung and pancreas, but the 2.8-kb transcript was absent from brain.
In normal colonic mucosa, we identified predominanfly elevated TIMP-3 mRNA expression in four of the five transcripts (2.1 kb, 1.6 kb, 1.4 kb and 1.0 kb). In contrast, 7 of 12 tumour cases showed increased expression of the largest (5.0 kb) transcript and, generally, this transcript gave a stronger band on autoradiography than the smaller ones, suggesting a higher abundance. Interestingly, in breast tumours, uterus and placenta, the 2.4-kb transcript appears to be overexpressed (Uria et al, 1995) . Despite using the same probe as Uria et al (1995) , the differences in transcript size and relative level of expression reported here may prove to be important. Uria et al (1995) that cell and tissue factors are at least responsible for controlling the selection of the polyadenylation sites. Our findings add further to the evidence that tissue-specific factors influence the pattern of expression of the different TIMP-3 transcripts.
Northern analysis showed TIMP-3 mRNA expression in normal mucosa. However, using ISH, specific TIMP-3 mRNA expression was not detected in either normal colorectal mucosa or adenomas. An absence of discernible signal in the ISH-probed normal mucosa may be due to differences in signal to noise ratios between the two techniques. These findings are consistent with those of Zeng et al (1995a) who found that normal colonic mucosa did not express TIMP-1 mRNA by ISH. Our findings suggest a diffuse distribution of low level TIMP-3 expression in normal mucosa, which is detectable by Northern blotting but below the sensitivity of the ISH technique used. In situations of low mRNA abundance, ISH signal differences between antisense-and sense-probed sections may be difficult to interpret because of the annealing of vector sequences of sense RNA probes, generated using the pBluescript vector, annealing to human 28s rRNA (Witkiewicz et al, 1993) .
We demonstrated stromal TIMP-3 mRNA expression in round and spindle-shaped cells with a fibroblast-like appearance, but the possibility that these cells were macrophages or endothelial cells cannot be excluded. TIMPs have been shown to be expressed in endothelial cells during angiogenesis (Cornelius et al, 1995) . TIMP-3 expression was seen in moderately and poorly differentiated colorectal carcinomas with localization at the invasive edge being a feature of both groups. However, it is interesting and perhaps significant to note the localizational differences between the two tumour grades. Whereas strong expression is seen throughout the tumour and in adjacent and distant host stroma of moderately differentiated cancers, poorly differentiated carcinomas failed to show TIMP-3 localization in the stroma ahead of the invasive edge. Overall, a weaker ISH signal was seen with the poorly differentiated carcinomas, suggesting reduced levels of expression. Our findings corroborate those of Byrne et al (1995) who identified that the strongest TIMP-3 ISH signal in breast carcinomas occurred in fibroblasts closest to the neoplastic cells. Tumour-secreted factors acting over a short range may account for the occurrence of activated fibroblasts in this region. Previous immunochemical studies have localized a MMP-inducing factor to the peripheral tumour cells of transitional bladder cancers (Muraoka et al, 1993) ; TIMP-1 has also been associated with MMP inducement (Clark et al, 1994) .
In vivo, MMPs and TIMPs may be independently expressed, such is the case with TIMP-1 and MMP-9 (Zeng and Guillem, 1995) . The TIMP family of molecules have a highly conserved N-terminal structure with TIMP-3 and TIMP-1 sharing a 72% amino acid homology. Similarities in the N-tenminal region probably account for the similar pattern of inhibition seen (Apte et al, 1995) . Currently, the precise MMP substrates for TIMP-3 are unknown but if TIMP-3 shares similar inhibiting properties to TIMP-2, it may be involved in regulating EBM breakdown. Previous studies have demonstrated the localized distribution and temporal occurrence of MMPs and TIMPs. Matrilysin (MMP-7) has been implicated in basement membrane degradation and occurs in increased expression in the highly invasive colonic carcinomas (Newell et al, 1994) . MMP-2 (synthetic gelatinase A) mRNA expression has been localized in fibroblasts at the invasive edge of colorectal cancer using ISH (Poulsom et al, 1992; Pyke et al, 1993) , and active MMP-2 enzyme has been zymographically demonstrated to be correlated to increasing tumour grade in bladder tumours (Davies et al, 1993a) .
Our findings support the proposal of tumour invasion being a result of an MMP-TIMP imbalance (Stetler-Stevenson, 1990 ). The importance of the regional localization of TIMP-3 mRNA expression, using the in situ hybridization technique, is seen in considering the moderately and poorly differentiated tumour groups. An absence of TIMP-3 ISH signal in the stroma ahead of the invasive edge was seen in the more aggressive poorly differentiated carcinomas. In these regions, unopposed MMP activity may account for the increased frequency of metastasis seen in this group of tumours. The MMP-inhibitory function of TIMP-1 was demonstrated in an in vitro study by Khokha et al (1989) in which TIMP antisense RNA-treated Swiss 3T3 fibroblasts had reduced TIMP-1 levels, resulting in increased tumour growth and metastasis. The increased TIMP-3 expression seen at the invasive edge of moderately and poorly differentiated carcinomas in the current study is probably explained by the net balance of MMP-TIMP, with MMP expression increased relative to that of the inhibitor. The decline in the TIMP-3 mRNA expression (for moderately and poorly differentiated tumours) with increasing distance from the tumour mass is consistent with our previous immunochemical study in which TIMP-1 staining was seen to be reduced with increasing distance from the tumour invasive edge (Hewitt et al, 1991) .
Lack of detectable mRNA expression in the well-differentiated tumour group may be due to reduced TIMP-3 (and its MMP substrate) involvement in the early events of invasion, or differential expression of TIMP-3 may occur as the tumour loses its differentiation. Northern analysis was not performed on welldifferentiated tumours in this study.
The localization of TIMP-3-expressing stromal cells is broadly similar to that for TIMP-1 in moderately differentiated carcinomas (Powe et al, in preparation) , but the TIMP-3 mRNA expression was decreased compared with TIMP-1 in poorly differentiated cancers. Both inhibitors have been shown to have similar activities on the same substrates, including human gelatinase A and B, collagenase-1 and stromelysin-I (Apte et al, 1995) . In addition to their inhibition properties, TIMP-1 and TIMP-2 also have growthstimulating properties (Docherty et al, 1985; Stetler-Stevenson et al, 1989) and TIMP-1 has been shown to increase fibroblast collagenase production (Clark et al, 1994 ). In the current study, maximal TIMP-3 expression occurred in the stroma associated with the tumour invasive edge of the moderately and poorly differentiated colorectal adenocarcinomas. Tumour growth-promoting properties of TIMPs may account for the increased invasiveness associated with this group of tumours and for the findings of Fong et al (1996) . In non-small-cell lung carcinomas, Fong et al (1996) showed an association between high TIMP-1 expression and poor prognosis.
In summary, TIMP-3 expression is increased at the invasive edge of moderately and poorly differentiated adenocarcinomas compared with well-differentiated carcinomas, adenomas and normal mucosa. In addition, both tumour groups show markedly reduced expression in fibroblast-like cells ahead of the tumour invasive edge but important regional differences also exist between the two groups. Deficient TIMP-3 expression ahead of the invasive edge of poorly differentiated tumours may be associated with increased tumour invasion and metastasis due to unopposed MMP activity.
